Although the core subunits of Polycomb group (PcG) complexes are well characterized, little is known about the dynamics of these protein complexes during cellular differentiation. We used quantitative interaction proteomics and genome-wide profiling to study PcG proteins in mouse embryonic stem cells (ESCs) and neural progenitor cells (NPCs). We found that the stoichiometry and genome-wide binding of PRC1 and PRC2 were highly dynamic during neural differentiation. Intriguingly, we observed a downregulation and loss of PRC2 from chromatin marked with trimethylated histone H3 K27 (H3K27me3) during differentiation, whereas PRC1 was retained at these sites. Additionally, we found PRC1 at enhancer and promoter regions independently of PRC2 binding and H3K27me3. Finally, overexpression of NPC-specific PRC1 interactors in ESCs led to increased Ring1b binding to, and decreased expression of, NPC-enriched Ring1b-target genes. In summary, our integrative analyses uncovered dynamic PcG subcomplexes and their widespread colocalization with active chromatin marks during differentiation.
PcG proteins are an evolutionarily conserved family of protein complexes that are important for cellular differentiation and development 1 . They play a key role in regulating the expression of Hox gene clusters, which control body-segmentation patterns 2 . Polycomb proteins were first discovered and characterized in Drosophila and were later identified in higher eukaryotes 3 . Polycomb proteins assemble into three major protein complexes: Polycomb repressive complexes 1 and 2 (PRC1 and PRC2), and the Polycomb-repressive deubiquitinase (PR-DUB) 4 . PRC1 contains a catalytic subunit, Ring1a or Ring1b, both of which are ubiquitin ligases for histone H2A K119 (refs. 5,6) . The PRC2 subunits Ezh1 and 2 mono-, di-, and trimethylates histone H3 K27 (refs. 7,8) . PR-DUB contains a deubiquitinase (BAP1, known as Calypso in Drosophila) for H2A K119 (K118 in Drosophila) 9 . These three protein complexes contain additional subunits, and several paralogous subunits define distinct subcomplexes 10 . Furthermore, a number of presumably substoichiometric interactors have been described 11, 12 . In general, Polycomb proteins are associated with gene repression, although recent reports have also hinted at a role in gene activation [13] [14] [15] [16] .
Polycomb protein complexes functionally cooperate in transcriptional gene silencing. For example, the H3K27me3 modification catalyzed by PRC2 is recognized by the Cbx subunits of PRC1 (refs. 17,18) . Furthermore, ubiquitinated H2AK119 (H2AK119Ub) serves as a binding scaffold for PRC2 in vivo 19 and stimulates the catalytic activity of PRC2 on nucleosomes in vitro 20 . However, recent evidence has suggested that H2AK119Ub is not strictly required for transcriptional repression by PRC1, at least during certain stages of development 21, 22 . Nevertheless, the enzymatic activities and cross-talk between PRC1 and PRC2 are thought to result in the generation of large regions of H3K27me3-and H2AK119Ub-marked transcriptionally silent chromatin.
During the past decade, genetic, biochemical, and MS-based approaches from multiple laboratories have elucidated the subunits and interactors of Polycomb complexes in a variety of species. However, systematic, quantitative, and integrative studies are required to understand the dynamics and function of Polycomb protein complexes during cellular differentiation. Here, we set out to characterize the subunit composition, stoichiometry, and architecture of Polycomb complexes in mouse ESCs and neural progenitor cells by using labelfree quantitative MS-based proteomics. We complemented this work by profiling the genome-wide binding of PRC1 and PRC2 in the same cell types. Our work revealed striking dynamics of Polycomb complexes during differentiation, at both the proteomic and genomic levels. For PRC2, we identified both stem-cell and neural-specific interactors, and we observed a global downregulation of PRC2 during differentiation despite the maintenance of global H3K27me3 levels. We also observed a switch between variant PRC1 and canonical PRC1 during differentiation, which was accompanied by a drastic change in genome-wide Ring1b binding. In addition to 'classical' H3K27me3-marked repressed Polycomb targets, we observed PRC1 binding at active promoters and enhancers enriched for neural functions. Strikingly, these genes were not bound by PRC2, thus revealing a partial decoupling between PRC1 and PRC2 during cellular differentiation. Finally, overexpression of NPC-specific Ring1b interactors in ESCs affected the genomic localization of Ring1b and the expression of Ring1b-target genes, thus indicating that the observed subunit dynamics at least partially drives Polycomb target-gene binding.
RESULTS

Identification of dynamically incorporated PRC2 subunits
To explore the subunit composition and dynamics of PcG complexes during mouse ESC differentiation, we used stably integrated bacterial artificial chromosome (BAC) transgenes containing the endogenous promoter of the gene of interest as well as a C-terminal GFP tag, as described previously 23 . For PRC2, we generated an Eed BAC line in mouse ESCs, which we then differentiated into NPCs. Western blotting revealed nearly endogenous expression levels of GFP-Eed in both cell types (Fig. 1a) . We also observed extreme downregulation of core PRC2 members during differentiation to NPCs, at both the protein and transcript levels ( Fig. 1a and Supplementary Fig. 1a) . The western blot data (Fig. 1a) were in agreement with previously obtained total proteome data 24 , which also show a strong reduction in the abundance of PRC2 core subunits (Fig. 1a, table) .
Next, we performed label-free GFP pulldowns followed by LC-MS/MS on nuclear extracts from ESCs and NPCs to assess the subunit composition of PRC2 in both cell types. GFP-Eed pulldowns identified all known core PRC2 subunits (Ezh1 or Ezh2, Suz12, Rbbp4 or Rbbp7, Mtf2, Jarid2, and Aebp2) in both ESCs and NPCs (Fig. 1b,c and Supplementary Fig. 1b) . PRC2 was stable in our pulldown conditions, because Suz12 successfully immunoprecipitated Jarid2 (Supplementary Fig. 1b) . We also identified C17orf96, a recently identified PRC2 interactor in HeLa cells 12, 25 , as an Eed interactor in ESCs and NPCs (Fig. 1b,c and Supplementary Fig. 1b) . Additionally, the uncharacterized Gm340 protein (also known as C10orf12 (refs. 12,25) ) was present in both ESC and NPC pulldowns. Two PRC2-associated proteins-the F-box protein Fbxw11 and the uncharacterized protein AU022751, which has recently been reported to be a PRC2 interactor in ESCs 26 -were present in only the ESC pulldowns. We identified several NPC-specific interactors, including the known PRC2-associated proteins Phf1 and Ehmt2.
We then used the intensity-based absolute quantification (iBAQ) algorithm 27 to calculate the abundance (stoichiometry) of each interactor relative to Ezh1 and Ezh2. Whereas the stoichiometry of the core subunits remained stable during differentiation, the abundance of substoichiometric interactors varied substantially between the two b c a (Fig. 1d) . The Eed-GFP interactors C17orf96, Mtf2, Tceb1, and Tceb2 were highly enriched (approximately ten-fold or higher) in ESCs but not NPCs (Fig. 1e) . In contrast, Gm340 and Phf19 were nearly ten-fold enriched in NPCs. We also purified Eed-GFP from the ESC nuclear pellet (NP) fraction remaining after nuclear extraction (Supplementary Fig. 1c) . These experiments revealed that the core PRC2 complex was similar in the nuclear extract (NE) and the NP pulldown, whereas certain substoichiometric interactors were slightly more abundant in either the NE or NP fraction ( Supplementary  Fig. 1d ). In summary, these results revealed a global downregulation of PRC2 abundance during stem-cell differentiation toward a neural lineage. Furthermore, whereas the core of PRC2 was stable during differentiation, substoichiometric interactors were highly dynamic.
Cross-linking MS reveals the PRC2 architecture in mouse ESCs
To determine the architecture of PRC2 in ESCs, we performed single affinity purification cross-linking MS experiments on the endogenous complex after GFP-Eed purification. We incubated GFP pulldown fractions from GFP-Eed ESC nuclear extracts on-bead with BS3, an amine-to-amine cross-linker, and identified cross-linked peptides with pLink 28 ( Fig. 1f) . Our data were consistent with a PRC2 architecture in which Ezh1 or Ezh2, Suz12, and Eed represent a well-connected core complex, and auxiliary subunits bind at the periphery 29 ( Fig. 1g) . In addition, we observed cross-links between multiple partially overlapping regions on Mtf2, Jarid2, or C17orf96, and Ezh1 or Ezh2. Mtf2 and Jarid2 use overlapping binding surfaces in the Ezh1 and Ezh2 SET domains, whereas Mtf2 and C17orf96 bind to a similar N-terminal region of Ezh1 or Ezh2. This finding suggests that these proteins may bind PRC2 in a mutually exclusive manner, as previously hypothesized 30 . Altogether, these findings extend knowledge of PRC2 architecture, particularly for ESC-enriched substoichiometric interactors.
Most PRC2 is lost from chromatin during differentiation
To determine the functional consequences of PRC2 downregulation during differentiation, we performed chromatin immunoprecipitation followed by massively parallel DNA sequencing (ChIP-seq) experiments on core PRC2 complex members in ESCs and NPCs. We used endogenous antibodies raised against the Suz12 and Ezh2 subunits. More than 80% of Ezh2 peaks overlapped with Suz12 in both ESCs and NPCs (Fig. 2a) . We identified more peaks for Suz12 than for Ezh2, possibly because of the presence of PRC2 complexes containing Ezh1. The gene ontology (GO) terms enriched among PRC2-bound genes were related to developmental processes or cell-type specification ( Supplementary Fig. 2a ). Unexpectedly, more than 85% of Suz12 and Ezh2 peaks were lost during differentiation to NPCs, and very few NPC-specific peaks appeared ( (Fig. 2c) .
Next, we asked what happens to H3K27me3 levels during differentiation, in light of the PRC2 downregulation. Strikingly, we observed that H3K27me3-marked nucleosomes in ESCs retained the mark during differentiation to NPCs (Fig. 2c,d) , whereas Suz12 and Ezh2 were lost at these sites. A western blot detecting bulk H3K27me3 levels showed that the abundance of the histone mark also decreased during differentiation but did not decrease nearly as drastically as the PRC2-subunit protein levels (Fig. 2e) . H3K27me3 was still deposited at Suz12 and Ezh2 NPC peaks (Fig. 2f) , thus indicating that the loss of PRC2 at ESC-marked sites was not due to loss of a functional complex in NPCs. The loss of PRC2 during differentiation did not lead to global changes in the expression of PRC2-target genes, and a large proportion of genes were in fact downregulated after loss of PRC2 (Supplementary Fig. 2d-h) . Altogether, these findings suggest that downregulation of PRC2 protein levels during differentiation leads to a loss of binding at most Polycomb-target genes during differentiation, whereas, notably, H3K27me3 deposition at most of these sites is maintained.
Identification of dynamically incorporated PR-DUB subunits
To identify interactors of the PR-DUB complex, we used a BAC line containing the core subunit Bap1 and followed the same MS workflow as that used for PRC2. We identified the core of the complex (Bap1, Asxl1 and Asxl2, Foxk1 and Foxk2, and Kdm1b) in both cell types (Fig. 3a,b) . As previously reported in HeLa cells 31 , the methyl-bindingdomain proteins Mbd5 and Mbd6 were identified as PR-DUB interactors in both ESCs and NPCs. Using the iBAQ algorithm, we determined that the stoichiometry of the core complex changed very little during differentiation (Fig. 3c) . Bap1 and the Asxl proteins were present in a ratio of ~2:1, thus indicating that Bap1 was dimeric within the PR-DUB complex. Similarly to PRC2, some of the substoichiometric interactors appeared to be cell-type specific (Fig. 3d) . The glycosylase Ogt and histone demethylase Kdm1b were enriched in ESC PR-DUB, whereas Mbd5 was enriched in NPCs, in agreement with a role of this protein in brain function 32 . We also purified Asxl2-GFP from ESCs, thus revealing that this protein interacts only with known PR-DUB subunits (Supplementary Fig. 3) . Furthermore, this analysis showed that Asxl1 and Asxl2 define mutually exclusive PR-DUB subcomplexes. Because the core of PR-DUB remained relatively stable during differentiation, our results suggest a conserved function of this complex in different cell types.
Identification of dynamically incorporated PRC1 subunits
We used a similar label-free proteomics strategy for PRC1. PRC1 interacts with six different Pcgf proteins in a mutually exclusive manner 11 (Fig. 4a) . Each of these Pcgf proteins has a shared (Pcgf2 and Pcgf4; Pcgf3 and Pcgf5) or unique set of interactors. We identified nearly the same set of core subunits and substoichiometric interactors in both ESCs (Fig. 4b) and NPCs (Fig. 4c) . However, a dramatic switch occurred with respect to the binding of Pcgf and Cbx family members during differentiation (Fig. 4d-f) . iBAQ-derived stoichiometry values revealed that Pcgf6 occupied 60% of Ring1b complexes in ESCs (Supplementary Fig. 4a and Fig. 4e ). Pcgf6 also remained the predominant Ring1b interactor in the NP fraction ( Supplementary Fig. 4c,d ). Differentiation to NPCs mainly resulted in an exchange of Pcgf6 for Pcgf4 (Bmi1)-containing PRC1 (54% of NPC complexes, Fig. 4e and Supplementary Fig. 4a,b) . We observed a similar switch for the Cbx proteins. Notably, the total Cbx occupancy in Ring1b complexes increased during differentiation (3.5% to 12%) but remained substoichiometric. This result was not an overexpression artifact, because Ring1b-GFP levels remained lower than those of the endogenous Ring1b in both cell types (Fig. 4g) . Purification of Flag-tagged Pcgf2 from ESCs also revealed substoichiometric Cbx proteins (Supplementary Fig. 4e,f) . We found Cbx7 only in association with Ring1b in ESCs, as previously reported 33, 34 , and Cbx7 was replaced by Cbx6 in NPCs (Fig. 4f and Supplementary Fig. 4a,b) . However, Cbx4 and Cbx8 had the highest stoichiometry values in both ESCs and NPCs. In general, Pcgf6-specific interactors showed the most dynamic changes between ESCs and NPCs, owing to the loss of Pcgf6 from the complex during differentiation to a neural lineage (Fig. 4d) . Conversely, Pcgf2 and Pcgf4 interactors were more abundant relative to Ring1b in NPCs, most probably because of the strong npg r e s o u r c e upregulation of Pcgf4 in NPC cells. Interestingly, Phc1, an interactor with Pcgf2 and Pcgf4, was more abundant in ESCs than NPCs. From these results, we conclude that the composition of the core PRC1 complex is highly dynamic during differentiation.
Cross-linking MS reveals the PRC1 architecture in mouse ESCs
We also performed cross-linking MS after Ring1b-GFP affinity purification from ESC nuclear lysates. Our data suggested that Ring1a or Ring1b and Rybp or Yaf2 formed a stable core for PRC1 (Fig. 4h) . The Pcgf6 interactor Mga cross-linked directly with Ring1a or Ring1b and Rybp or Yaf2, a result suggesting that it stably interacts with a subset of PRC1 complexes. We also identified cross-links between Pcgf6 and Rybp or Yaf2, and between Pcgf6 and Ring1a or Ring1b. This finding suggests that Pcgf6 binds to Ring1a or Ring1b complexes through an interaction surface mediated by Rybp or Yaf2 and Ring1a or Ring1b (Fig. 4i) . We did not identify any cross-links between Ring1b and other Pcgf proteins, probably because Pcgf6 is the predominant Pcgf interactor in ESCs.
PRC1 is retained at H3K27me3-marked sites in ESCs and NPCs
Next, we determined the genomic localization of the PRC1 complex in both cell types by using endogenous antibodies raised against Ring1b and Pcgf2. Nearly all Pcgf2 peaks overlapped with Ring1b peaks in both ESCs and NPCs, thus indicating that Pcgf2 binds chromatin only in the context of PRC1 (Fig. 5a) . However, we observed many Ring1b peaks independent of Pcgf2 in both cell types, probably because of the presence of other Pcgf proteins bound to Ring1b. In contrast to the results for PRC2, ~50% of Ring1b peaks (n = 9,968 peaks) were shared between ESCs and NPCs. There were also large groups of peaks that were more than three-fold enriched in only ESCs (n = 6,540 peaks) or NPCs (n = 2,754 peaks) (Fig. 5b,c and Supplementary  Fig. 5a-c) . GO-term analysis of PRC1-associated genes revealed that ESC-enriched targets were enriched for developmental and morphogenic functions (Supplementary Fig. 5a ). These functions were also the top functions in the shared gene set and the NPCenriched set, but many more biosynthetic and metabolic processes were identified for the genes shared between cell types, thus suggesting a conserved role for PRC1 at housekeeping genes. Mining RNA-seq data revealed no global up-or downregulation of the three classes of PRC1-bound genes (Supplementary Fig. 5d ). However, individual transcripts did show up-or downregulation after gain or loss of PRC1 (Supplementary Fig. 5e-g ). Heat maps of the different peak classes revealed good overlap between the Ring1b and Pcgf2 data sets in both ESCs and NPCs (Fig. 5c) . We also examined PRC1 binding at H3K27me3 sites in ESCs and NPCs. To our surprise, both Ring1b and Pcgf2 were retained at H3K27me3 sites (Figs. 5c,d  and 2d) . Indeed, clustering of NPC-enriched Ring1b sites identified a cluster of Ring1b that did not overlap with Suz12 in NPCs but still colocalized with H3K27me3 (Fig. 5f, cluster 2) . These results suggested that PRC1 binds H3K27me3-marked chromatin independently of PRC2. 
Ring1b binds enhancers independently of H3K27me3
k-means clustering revealed three discrete classes of ESC-enriched Ring1b-binding sites (Fig. 5e) . The first cluster represented H3K4me3-and H3K27me3-marked bivalent genes enriched for developmental GO terms ( Fig. 5e and Supplementary Fig. 5h ). Cluster two represented H3K4me1-marked enhancers, which were also enriched for developmental GO terms ( Fig. 5e and Supplementary Fig. 5i) . A third cluster contained low amounts of H3K27me3, H3K4me1, and H3K4me3. We also performed ChIP-seq in the GFP-Ring1b BAC line by using an anti-GFP antibody, which showed a very good overlap with the endogenous Ring1b ChIP-seq reads (Fig. 5e) . NPC-enriched Ring1b sites also colocalized with histone marks for enhancers (H3K4me1, Fig. 5f , cluster 3, 58% of peaks) or active genes (H3K4me3, Fig. 5f , cluster 4, 10% of peaks). RNA-seq analysis (Fig. 5g) of genes from the H3K27me3-marked clusters showed that these loci were repressed independently of PRC2 binding (cluster 1 versus cluster 2). There was an appreciable amount of transcription from genes near the H3K4me1-marked chromatin, and transcript levels from the H3K4me3-marked chromatin were high, as expected. Interestingly, genes near H3K4me1-marked chromatin were almost exclusively involved in neural function (Supplementary Fig. 5j ), thus suggesting that these putative enhancer regions were required for NPC propagation or terminal differentiation.
Altering PRC1 composition affects genomic PRC1 binding Finally, we sought to determine whether the subunit switching that we observed for PRC1 during differentiation affects genomic localization of Ring1b and consequently gene expression. To address this, we overexpressed two NPC-enriched PRC1 subunits, Cbx4 and Pcgf4, in ESCs. Cbx4 overexpression and subsequent label-free GFP-Ring1b purification resulted in a nearly three-fold increase in Cbx4 stoichiometry relative to Ring1b in the Ring1b BAC-GFP line compared with a mock-transfected control (Fig. 6a) . No changes were apparent in the Cbx7 stoichiometry, thus suggesting that Cbx4 overexpression increases the pool of Ring1b containing Cbx4, rather than replacing Cbx7 within the complex. Furthermore, coimmunoprecipitation analysis revealed that the transfected Pcgf4 interacted with Ring1b (Fig. 6b) . Next, we performed ChIP-qPCR to determine whether Cbx4 and Pcgf4 overexpression results in increased Ring1b binding at genomic sites that are predominantly bound in NPCs. We chose two target genes for this analysis (Nodal and Orc2) that are highly expressed in ESCs relative to NPCs (Supplementary Fig. 5g ) and that gain Ring1b binding during differentiation (Supplementary Table 1 ). Cbx4 and Pcgf4 overexpression in ESCs, compared with a mock-transfected control, led to increased Ring1b binding at these NPC-enriched sites (Fig. 6c) . ChIP-qPCR at ESC-enriched loci (Fig. 6d) revealed no changes in Ring1b recruitment after Cbx4 overexpression. Increased Ring1b binding to Nodal and Orc2 correlated with decreased expression of these genes, whereas the ESC-enriched loci were not affected after Cbx4 and Pcgf4 overexpression (Fig. 6e) . These experiments serve as a proof of principle demonstrating that perturbation of Ring1b interactors affects the genomic localization of the PRC1 complex and the expression of PRC1-target genes.
DISCUSSION
We performed both proteomic and genomic characterization of Polycomb group protein complexes during ESC differentiation to a neural lineage. This work revealed several key observations regarding Polycomb biology. First, we found that the interactomes of PRC1 and PRC2 are highly cell-type specific, whereas the subunits of PR-DUB are largely cell-type invariant. The total abundance of Ring1b-containing complexes is mildly downregulated during differentiation, whereas PRC2 is drastically downregulated (at least 30-fold) in NPCs relative to ESCs. Genome-wide analyses confirmed a loss of PRC2 from chromatin, despite bulk H3K27me3 levels being largely maintained. Strikingly, only a fraction (32%) of genome-wide Ring1b sites in neural progenitor cells represent 'canonical' Polycomb targets, which are characterized by broad H3K27me3 domains. The remaining 68% of Ring1b sites in NPCs r e s o u r c e are at enhancers and active promoters. Finally, we integrated our proteomic and genomic data to show that expression of cell-type-enriched Polycomb interactors affect target-gene specificity and expression. Our quantitative MS-based proteomics workflows allowed us to identify known and new components of the Polycomb machinery during stem-cell differentiation. Furthermore, the application of the iBAQ algorithm to our data added an additional layer of information, stoichiometry, which was essential for the identification of dynamic interactors. For example, we identified C17orf96 and Mtf2 as highconfidence Eed interactors in ESCs and NPCs, but only after calculating the iBAQ values were we able to determine that both of these proteins were highly enriched in the ESC PRC2 complex. The workflow presented here may be a powerful tool to characterize dynamic protein-protein interactions in a variety of cellular contexts and after cellular perturbation (such as cell-cycle stages, growth-factor stimulation, and DNA damage) 35 .
Our data revealed a number of substoichiometric PRC2 interactors including Mtf2, C17orf96, Gm340, and Tceb1 and Tceb2. From our data, we cannot conclude whether these proteins assemble together in a subset of PRC2 complexes or whether all of these proteins interact stoichiometrically with PRC2 in cells and are partially lost during affinity purification. Alternatively, some of the substoichiometric PRC2 interactors may define mutually exclusive PRC2 subcomplexes with distinct functions. Our cross-linking data support the latter hypothesis, because we found that some of the substoichiometric interactors share a binding surface on Ezh1 or Ezh2. Clearly, the tagging, purification and cross-linking of substoichiometric PRC2 interactors is needed to substantiate these findings.
One intriguing observation was the near-complete loss of PRC2 from chromatin in NPCs despite the continued presence of H3K27me3. Previously, it has been shown that PRC2 binds to and colocalizes with H3K27me3 in the G1 phase of the cell cycle and remains at sites of DNA replication in S phase, thus ensuring propagation of the modification during cell division 36 . The cell-cycle duration of NPCs is nearly three times longer than that of ESCs (30 h versus ~10 h) 37, 38 . We hypothesize that a longer cell cycle requires less PRC2 to propagate the mark during cell division. Alternatively, once cells are lineage committed, less de novo H3K27me3, and consequently less PRC2, is required to maintain H3K27me3 domains.
Finally, in the NPCs we identified thousands of Ring1b-binding sites devoid of H3K27me3. These binding sites are typically very narrow (<1 kb), especially relative to the classical Polycomb domains. These binding sites may represent examples of permissive chromatin 'sampling' by PRC1 (ref. 39 ). However, the functional relevance of Ring1b binding at these sites remains unclear. Interestingly, several recent studies have also reported a link between PRC1 and gene activation [13] [14] [15] [16] . Clearly, further work is required to determine whether distinct PRC1 subcomplexes also play a role in gene activation during neural lineage commitment.
METHODS
Methods and any associated references are available in the online version of the paper.
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